We extend our previous perturbative study of the multiphoton detachment of H [Phys. Rev. A 48, 4654 (1993)]to stronger fields by considering the intensity-dependent photodetachment rates and threshold behavior. An accurate one-electron model potential, which reproduces exactly the known H binding energy and the low-energy e-H(1s) elastic-scattering phase shifts, is employed. A computational technique, the complex-scaling generalized pseudospectral method, is developed for accurate and efftcient treatment of the time-independent non-Hermitian Floquet Hamiltonian PF. The method is simple to implement, does not require the computation of potential matrix elements, and is computationally more e5cient than the traditional basis-set-expansion-variational method. We present detailed nonperturbative results of the intensity-and frequency-dependent complex quasienergies (E&, -I /2), the complex eigenvalues of Pr, providing directly the ac Stark shifts and multiphoton detachment rates of H The laser intensity considered ranges from 1 to 40 GW/cm2 and the laser frequency covers 0.20-0.42 eV (in the c.m. frame). Finally we perform a simulation of intensity-averaged multiphoton detachment rates by considering the experimental conditions of the laser and H beams. The results (without any free parameters) are in good agreement with experimental data, both in absolute magnitude and in the threshold behavior. PACS number(s): 32.80. Rm, 32.80.Fb, 42.50.Hz 
I. INTRODUCTION
There is currently much interest in the study of multiphoton detachment of H both experimentally [1 -3] and theoretically [4) . The H ion, one of the simplest yet important three-body atomic systems, possesses only one bound state. Structures in the continuum far above the ionization threshold can be safely ignored for moderate laser fields. Thus, multiphoton detachment from the ground state to the continua can be studied without interference from any doubly excited intermediate electron-
ic states and resonances. These simplifying features render the multiphoton detachment of H a unique and fundamental process to study.
Theoretical study of multiphoton detachment of H however, is by no means straightforward.
In fact, wide discrepancies exist between many of the earlier predictions, even for two-and three-photon (weak-field) detachment cross sections which have occupied most of the theoretical efforts so far. Since Geltman [4] has already provided a comprehensive review of previous theoretical works in this field, we shall not elaborate here.
In a recent study of multiphoton detachment of H [5] (hereafter we refer to it as paper I), we have constructed an accurate one-electron model, which reproduces precisely the known H binding energy [6] and the lowenergy e-H(ls) elastic-scattering phase shifts [7] . Generalized cross sections, based on lowest-nonvanishingorder perturbation theory, are evaluated by an accurate and eScient algorithm for the solution of the associated set of inhomogeneous difFerential equations [8] . One-to eight-photon detachment cross sections o " (n =1, 2, . . . , 8) are determined. Our one-photon photoabsorption cross sections are in excellent agreement with earlier accurate correlated two-electron calculations [9] .
Our o 2 and 03 are in reasonable good agreement with recent two-electron ab initio calculations [10] . Overall, it appears that this recent study [5] provides the consistent results with the accuracy for higher-order o"(n ) 3) comparable to that of lower orders (n =2, 3) . Detailed discussion of this previous work is given in Ref. [5] .
The motivations of this paper are threefold.
(i) First we extend the study of multiphoton detachment of H to the nonperturbative regime. Both the experimental [3] and theoretical works [4, 5] indicated that the process of multiphoton detachment of H under the experimental conditions of Ref. [3] cannot be described adequately by perturbation theory. Intensity-dependent threshold shifts and photodetachment rates must be considered. To study such "strong" field phenomena, we shall extend the non-Hermitian Floquet formalism [11, 12] [11, 12] . The method does not require the computation of potential matrix elements (which is usually the most time-consuming part of atomic and molecular structure calculations using the conventional basis-setexpansion -variational method), is simple to implement, and provides the values of the wave functions directly at the space grid points. As will be shown later, the generalized pseudospectral methods are far more efficient and accurate than the finite-difFerence method and computationally more efBcient and advantageous than the basisset-expansion-variational method. 
a w(x } is the weighing factor, and a& is the normalization constant. The pseudospectral method further requires that the approximation be exact, i.e. , Pz(xj )=$(xj.), at the collocation points x (to be described below). The expansion coefficients a& can be written as
where the differentiation A'gj(x ) can be performed exactly. One of the key points of the pseudospectral method is to require Eq. (9) to be satisfied exactly at those collocation points. This leads to the (N l)X-(N -1) inatrix form eigenvalue problem (10) with
The solution of Eq. (10) (8) = -e 's(D, ), , /2m + V(x, e's)5, , (18) C. Generalized pseudospeetral method with mapping for Coulomb problems where x; are the collocation points (not necessarily evenly spaced) corresponding to the particular choice of polynomials used in the pseudospectral method. The complexscaling pseudospectral method has been shown to be simpler to implement and computationally more efFicient than the traditional complex-scaling variational methods using the basis-set expansion [18] . The primary attractive features of the complex-scaling pseudospectral method are (i) no computation of potential matrix elements is required and the kinetic matrix elements have simple analytic forms, (ii) the eigenvectors provide directly the values of wave functions at the collocation points, (iii) no boundary conditions need to be imposed and (iv) work for both low-lying and highly excited states.
(D&);, =g, "(x )~"=". (14) For atomic structure calculations involving the where L is a mapping parameter. Note that this mapping removes the singularity at r =0. Generally the introduction of nonlinear mapping can lead to either an asymmetric or a generalized eivenvalue problem [16] 80(x ) = -, , + Vo(r = f (x ) } . 1 1 d2 1 (20) We see that the kinetic-energy operator is now symmetrized, leading to a symmetric eigenvalue problem. [6] , and the low-energy e-H( ls) singlet elastic-scattering phase shifts [7] . The following is the form of the model potential: r v (r)= -1+ -e "-W -+u (r), 
where the coefficients co, c"c2, and P are chosen to approximate as accurately as possible the binding energy [6] and low-energy singlet phase shifts of H [7] . [9] .
In this paper we use this model potential and perform nonperturbative studies of the intensity-dependent multiphoton detachment rates of H as well as the threshold behavior, using the non-Hermitian Floquet formalism and the complex-scaling generalized pseudospectral discretization technique.
To facilitate the complexscaling calculation, we replace the cutoff function 8'6 above by the following form: Table I . [20] ; (2) CSFD, complex-scaling finite difference [21] , and (3) CSLPS, complex-scaling Legendre pseudospectral discretization [18] . [11] is particularly useful and effective and is adopted here. For the strongest intensity (40 GW/cm ) considered, the dimension of the Floquet matrix is about 10000X 10000. The computer time used for each calculation depends upon the dimensionality of the Floquet matrix (NF), ranging from about 14 sec (N~= 1600) to about 400 sec (NF =10000) for a CRAY 2 computer. This is several orders of magnitude faster than that using the basis-set expansion and the diagonalization of the whole non-Hermitian Floquet matrix. We present in Fig. 4 er encouraging. The theoretical prediction of the onset of two-and three-photon thresholds are also in good accord with the experimental curve, although the theoretical curve tends to be slightly sharper at thresholds. The smail discrepancy may be attributed to the difBculty in the "exact" simulation of the experimental conditions. We have previously also performed a simulation of the averaged multiphoton detachment rates using the generalized cross sections from perturbative calculations [5] .
The results there were less satisfactory as the predicted onset of n-photon thresholds is much sharper than the experimental data and the current results. Further, the perturbative simulation contains a free parameter in the laser profile to fit the experimental data. Our present study indicates that nonperturbative treatment is required and capable of describing satisfactorily the process of multiphoton detachment of H in the Los Alamos experiments [3] . 
